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One of the biochemical derangements that frequently is noted in infected mammals 
is  a  decrease  in  the  ability of insulin  to  promote  glucose  uptake  and  to  stimulate 
anabolic processes  (1,  2).  A  compensatory  hyperinsulinemia results.  The  molecular 
explanation  for  this  insulin  resistance  has  remained  obscure.  Recently,  we  have 
observed that a  form of insulin resistance occurs in 3T3-L 1 adipocytes in culture when 
these cells are incubated  in  the presence of a  macrophage mediator that  is made in 
response to endotoxin  (3, 4). We believe that  this macrophage mediator functions as 
a  signal  to  the  energy  storage  cells  of the  body  for  selective  energy  mobilization 
needed to combat host invasion. Biochemical analysis has revealed that this mediator 
can selectively inhibit the synthesis of several anabolic enzymes in these cells, including 
lipoprotein lipase, acetyl Co-A carboxylase, and  fatty acid synthetase  (3, 4).  Prelimi- 
nary  studies  have  demonstrated  an  inability of  insulin,  even  at  pharmacological 
concentrations, to override this effect of the mediator on the 3T3-L 1 cells (3). To gain 
insight  into  the  molecular  basis  of insulin  resistance  in  these  adipocytes, we  have 
examined  possible alterations at  the  level of the  insulin  receptor, since such  pertur- 
bations  might  provide an  explanation  for  the observed insulin resistance.  From  the 
studies reported here, it is apparent that  neither the functional ability of the 3T3-L1 
cells to  bind  insulin  nor the  ability of insulin  to stimulate  2-deoxyglucose uptake  is 
impaired when the cells are incubated with the mediator. The insulin resistance thus 
appears to selectively involve interference in the insulin stimulation of the synthesis of 
anabolic enzymes required for conversion of glucose into storage lipid. This selective 
insulin resistance appears to reflect a  defect at the post-receptor level. 
Materials  and  Methods 
Materials.  Endotoxin from Escherichia coil 0127 BS, isolated by the method of Westphal and 
Jann  (5), was purchased from Difco Laboratories, Detroit, MI. Glycerol tri[9,10(n)-aH]oleate, 
[125I]iodine, and  2-[1-14C]-radiolabeled deoxyglucose were  obtained  from  Amersham  Corp., 
Arlington Heights, IL.  Unlabeled glycerol trioleate was from  Nu-Check Prep.,  Inc., Elysian, 
MN. Insulin was purchased from Elanco Products Co., Indianapolis, IN. 
Culture Conditions.  3T3-L1  cells were  cultured  as  previously described  (6).  Induction  of 
differentiation was accomplished by a modification of the method of Rubin et al. (7). 2 d post- 
confluence,  cells were  given  3.5  ml  of medium  containing  10%  fetal  calf serum,  0.5  mM 
isobutylmethylxanthine, 1 ~M dexamethasone, and  10/.tg insulin/xnl of medium. After 2 d, the 
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medium was removed and replaced with medium supplemented only with fetal calf serum and 
50  ng/ml  insulin.  To determine  the effect of the mediator on  lipoprotein  lipase  and  insulin 
receptor, the cells were used 24 h after removal of isobutylmethylxanthine and dexamethasone. 
For investigation of 2-deoxyglucose uptake, cells were used 72-96 h  later. 
Preparation of Peritoneal Exudative  Cells and the Mediator Substance.  Peritoneal exudate cells and 
the mediator substance were prepared as described previously (3). 
Effect of Mediator on Lzpoprotein Lipase and Insulin  Receptor.  1 h  after the culture medium was 
replaced with medium containing the reduced concentration of insulin, conditioned medium 
containing the mediator was added  to the 3T3-L1  cell cultures.  Incubations were carried out 
for up to 20 h, and at the indicated times the activity of the lipoprotein lipase was measured in 
(a)  the medium,  (b)  material released from the cells after incubation with heparin, and  (c) the 
cell cytosol. Lipoprotein lipase assays were performed as previously described (3).  At the same 
time, the amount of insulin binding was determined on identically treated monolayers. 
Iodination of Insulin and Binding  of 12sI-Insulin to Cell Monolayers.  Insulin was iodinated by the 
chloramine-T method and purified by the method of Gavin et al.  (8). The radioactive insulin 
was 98% precipitable with  10%  (wt/vol) trichloroacetic acid. 
Before  the  determination  of the  amount  of cell  surface  insulin  receptors,  the  cells  were 
subjected  to  a  procedure  that  removes bound  insulin  (9).  Briefly,  the cell  monolayers  were 
washed twice with insulin-free Krebs-Ringer phosphate buffer containing 25 mM glucose and 
1% bovine serum albumin (BSA), and were subsequently incubated for 20 min at 37°C in 5 ml 
of this buffer• This procedure was repeated  three additional  times.  The cell monolayers were 
cooled at 4°C and incubated with 2 ml of Krebs-Ringer phosphate buffer containing  1% (wt/ 
vol) BSA and 2 nM lzsI-insulin, with or without 5 #M of unlabeled insulin for 6 h to determine 
the total and nonspecific binding, respectively. After 6  h  the monolayers were quickly rinsed 
five times with ice-cold phosphate-buffered saline (PBS), pH 7.4. Cells were solubilized in 2 ml 
125  •  •  of 0.2 N  NaOH and  I  content  was determined using a  Packard Gamma Counter  (Packard 
Instrument Co., Downers Grove, IL). The data are presented as the amount of 125I-specifically- 
bound insulin (9). 
Measurement of2-[1-14C]Deoxyglucose  Uptake.  The uptake of 2-deoxyglucose by 3T3-L1  adi- 
pocytes was measured by using a modification of the method of Rubin et al. (7). Cell monolayers 
that  had been maintained in the absence of insulin for 3 d  were incubated in 2•0 ml of Krebs- 
Ringer Hepes buffer, pH 7.4,  containing  1% (wt/vol) BSA for 30 min at 37°C. To investigate 
the effect of the macrophage factor on insulin-stimulatable glucose transport, 350/LI of medium 
containing.  14the mediator was added to the monolayers at the same time" as the insulin. After 30 
ram, 2-[1-  C]deoxyglucose was added to the culture dishes to a  final concentration of 2.1  mM 
and a specific activity of 2/~Ci//.tmol. The reaction was allowed to proceed at 37°C for 10 min, 
and  terminated  by rapidly  washing the monolayer with ice-cold Krebs-Ringer Hepes buffer, 
pH  7.4,  containing  25  mM  glucose.  The  buffer  was  then  aspirated  and  monolayers  were 
solubilized in  10%  (wt/vol) sodium dodecyl sulfate to count the amount of radioactivity. The 
uptake of 2-[1-'4C]deoxyglucose was linear for 10 rain. Cytochalasin B at a  concentration of 5 
#M  inhibited  the uptake  of 2-deoxyglucose by 95%,  demonstrating  that  facilitated transport 
was being measured as opposed to diffusion. 
Glucose Incorporation into Triglyceride.  Cells were prepared  as described above. 21  h  after the 
shift  to low insulin,  the cells were incubated  with  medium  with or without  the macrophage 
mediator  (350  p.l). After an  additional  23  h  in  the  presence  or  absence  of the  macrophage 
mediator, the cells were shifted to medium containing  1 mg/ml glucose and 50 ng/ml insulin, 
and were incubated at 37°C for 30 rain. To measure incorporation, the protocol of Rubin et al• 
(7) was followed with modification. Uniformly labeled [14C]glucose (2•5/tCi) was added to the 
cells and the incubation continued for 90 rain. The incubation was terminated by washing the 
cells twice in ice-cold PBS, pH 7.4. The monolayer was scraped in 1.5 ml of PBS and centrifuged 
at 500 g for 10 min at 4°C. The pellet was freeze-thawed three times in a dry ice-acetone bath 
and suspended in a solution of CHC13/MeOH (2:1). After I h at room temperature, the protein 
precipitate was removed by filtration through  a  glass fiber filter. Water (0•3 ml) was added to 
the organic solvent mixture and vortexed, and the two phases were separated by centrifugation 
(3,000  g).  The  organic  phase  was  removed  and  evaporated  to  dryness,  and  the  amount  of 
•  -  14,  .....  mcorporat,on of  C  into tnglycende was determined using a  liquid scintillation counter. 1362  PEKALA  ET  AL.  BRIEF  DEFINITIVE  REPORT 
0.10 
% 
v,- 
0.05 
2  4  6  10 
Time  (h) 
i 
|  100 
80  O 
60 
E 
O 
40  O 
20 
20 
FIc.  1.  Effect of conditioned medium from endotoxin-treated mouse peritoneal exudate cells on 
the insulin-binding capacity  and  the  lipoprotein  lipase activity of 3T3-LI  adipocytes.  300  p.l  of 
conditioned  medium was added  to cultures of 3T3-LI  cells (4.2  X  106 cells/dish)  in 6-cm dishes 
containing 3.5  ml  of Dulbecco's  modified  Eagle's medium and  10%  fetal  calf serum. After  the 
indicated  periods  of incubation,  cell  surface insulin-binding capacity  (0)  and  lipoprotein  lipase 
activity (©) were determined. 
Results 
Effect  of Mediator on  Insulin Binding.  The  ability  of the  macrophage mediator  to 
interfere with the binding of insulin  to the cell  surface insulin  receptor was investi- 
gated.  Monolayers of the  3T3-L1  cells  were  exposed  to conditioned medium  from 
mouse peritoneal exudate cells  cultured in the presence of endotoxin. After the cells 
were incubated with the mediator for various periods of time (0.5-24 h), the amounts 
of bound insulin and lipoprotein lipase activity were determined (Fig.  1). The insulin 
binding increased slightly  (10%) over the first  3 h  of exposure to the mediator and 
then  decreased  to  the  initial  level.  The  insulin-binding  activity observed  in  these 
experiments corresponds to previous reports (9,  10). In contrast, there was a dramatic 
loss of heparin-releasable  lipoprotein  lipase.  Consistent with our previous studies,  a 
similar loss of lipoprotein lipase  activity was observed in  the cytosol fraction of the 
cells incubated with the macrophage mediator (data not shown). 
To determine if the mediator competed directly with insulin to occupy the receptor, 
3T3-L1 cells  were prepared  for insulin-binding assays as described in Materials and 
Methods.  Insulin-binding determinations were then performed by exposing the cells 
to  insulin  alone or insulin  plus mediator  (Table I).  When the cells  were  incubated 
with either insulin  alone or insulin  plus mediator, there was no observable effect on 
insulin binding. To evaluate for possible differences in the rate of association with the 
receptor,  the  cells  (Table  I,  b)  were  exposed  to  the  mediator  for  30  rain  before 
incubation with  insulin.  Again,  this  preincubation with  mediator did  not  interfere 
with insulin binding. 
Effect of Insulin and the Mediator on 2-Deoxyglucose Uptake.  To ascertain whether the 
mediator was  interfering with  glucose uptake or insulin-stimulated  glucose uptake, 
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TABLE I 
Effect  of Macrophage Mediator on Insulin  Binding  in 3T3-L 1 Adipocytes* 
Additions  Insulin bound/l0 s cells 
pmol 
None  0,12 4-. 0.02 
Mediator~  (a)  0.134-0.02 
Mediator§ (b)  0.12  4-0.03 
* Cells  were  prepared  for determination  of cell  surface  insulin  receptor  as described  in 
Materials and Methods. 
:~ Mediator  (350/,tl)  was added at the same  time as t251-insulin. 
§ Mediator  (350 p,l) was added  30 rain before the addition of the x25I-insulin. 
TABLE II 
Effect of Insulin  and Macrophage Mediator on 2-Deoxyglucose Uptake in 
3T3-L 1 Adipocytes * 
Additions 
Insulin  Mediator 
Rate of 2-deoxyglucose uptake 
nmol/min/10 ~ cells 
-  -  0.42 4- 0.03 
+  -  0.85  4- 0.06 
--  +  0.45  4- 0.02 
+  +  0.90 4-_ 0.03 
* Cells  were treated with or without  insulin or mediator for 30 rain  before measurement 
of 2-deoxyglucose uptake. 
TABLE  III 
Effect of Macrophage Mediator on Incorporation of Glucose into Triglyceride by 
3T3-L1  Cells * 
Additions  Cpm glucose incorporated  per milligram 
protein* 
Control  medium  109  +  10 
Mediator  60 4- 17 
* [U-14Clglucose incorporation  into triglyceride after 90 rain incubation  at 37°C. 
72  h  were  incubated  for  30  min  with  or  without  insulin  (10  #g/ml)  and  with  or 
without  the mediator. The  results are shown  in Table  II. The cells exhibited  a  basal 
level of 2-deoxyglucose  transport  that  was stimulated  approximately  twofold  by the 
addition  of insulin.  This compares well with  the two- to threefold  increases reported 
previously  (7).  Addition  of the  mediator  had  no  effect  on  either  basal  or  insulin- 
stimulated  uptake  of 2-deoxyglucose.  In a  separate  experiment  it  was observed  that 
there was no inhibition of 2-deoxyglucose uptake when the mediator and 2-deoxyglu- 
cose were added  at the same time (0.42  +  0.03  vs. 0.40  +  0.05  nmol/min/106  cells). 
Effect  of Mediator  of Glucose  Incorporation  into  Triglyceride.  The  amount  of glucose 
incorporation  into  triglyceride  was  examined  in  3T3-L1  cells  with  and  without 
exposure to the mediator for 23  h  (Table  III). In the presence of mediator  there was 
a  marked decrease  (>40%)  of glucose incorporation  into lipid.  Increasing the concen- 
tration of insulin  to  10 #g/ml  did not overcome the suppression  of lipogenesis by the 
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Discussion 
In previous studies we have demonstrated that a macrophage mediator, secreted in 
response to endotoxin, switched adipose tissue in vivo (11)  and 3T3-L1 adipocytes in 
vitro  (3,  4)  from  an  anabolic  storage  mode  to  a  catabolic  state.  By  an  unknown 
mechanism,  this  macrophage  mediator  can  selectively  inhibit  the  biosynthesis  of 
several  anabolic  enzymes  without  adversely  affecting  the  synthesis  of most  other 
proteins  within  the  cell.  Since  insulin  is essential  for the  synthesis  of these  anabolic 
enzymes in the adipocyte, we reasoned that  the mediator might exert  its activity by 
interfering with insulin action. This could occur by the mediator interfering with  (a) 
the binding of insulin to the receptor,  (b) the cycling and synthesis of the receptor,  (c) 
the  coupling of insulin  receptor  to  the  glucose  transport  system,  (d)  the  uptake  of 
glucose directly, or (e) post-receptor mechanisms. 
From the data presented here, it can be seen that incubation of 3T3-L 1 cells in the 
presence of the mediator does not alter the binding of insulin  to the receptor or the 
number of insulin  receptors,  at  a  time when the same cells show a  drastic loss of the 
enzyme lipoprotein  lipase.  This result demonstrates that the ability of insulin to bind 
to  the  receptor,  as  well  as  the  ability  of the  cells  to  cycle  and  synthesize  insulin 
receptors,  is unimpaired  by the macrophage mediator.  The normal  turnover of these 
rapidly synthesized insulin receptors (half-life of 9 h  [9,  12]) in mediator-treated  3T3- 
L1  cells  illustrates  the  highly selective  nature  of the  mediator's  inhibitory  effect on 
protein synthesis. 
Using  2-deoxyglucose  as  an  indicator  molecule,  a  twofold  increase  above  basal 
uptake  was  observed  in  3T3-LI  cells  in  response  to  insulin  with  or  without  the 
mediator.  This  experiment  shows  that  uncoupling of the  receptor  from the  glucose 
transport  system does not occur in response to the mediator.  The possibility that the 
mediator interferes directly with glucose uptake is also excluded. The selective insulin 
resistance observed in these cells thus appears to reflect  a  defect at  the post-receptor 
level.  Glucose seems  to be transported  into  these  adipocytes by insulin  in  a  normal 
fashion.  Once inside  the cell,  however, the glucose is not  metabolized  to lipid,  since 
the  enzymes that  normally convert  glucose to fatty acids  are  drastically  reduced  in 
activity. Glucose not used  for lipid synthesis is free to diffuse back out of the cell for 
potential use elsewhere. A similar type of selective insulin resistance in which anabolic 
enzymes are missing while the insulin receptors are present and functioning, has been 
noted in large fat cells of the obese rat  (13). 
The biochemical events that  follow hormone interaction  with insulin  receptors on 
the cell surface (the "second message" of insulin)  are just  beginning to be elucidated. 
The  selective  insulin  resistance  induced  by  this  macrophage  mediator  should  help 
provide a  useful  model system to give insight  into the  mechanism  by which insulin 
stimulates  protein synthesis of crucial anabolic enzymes. 
Summary 
An apparent  insulin resistance  is noted in 3T3-L1 adipocytes after the addition of 
an endotoxin-induced  mediator  from macrophages.  Examination  at  the  level of the 
insulin  receptor has  revealed that  the mediator  does not effect either the  functional 
ability of the cells to bind insulin  or the ability of insulin  to stimulate  the uptake of 
glucose. The resistance appears to reflect a post-receptor interference with the insulin- PEKALA ET AL.  BRIEF  DEFINITIVE  REPORT  1365 
induced biosynthesis of the anabolic enzymes, acetyl Co-A carboxylase and fatty acid 
synthetase, which are required for the conversion of glucose into storage lipid. These 
studies offer  a  new  in vitro  model  for  investigating the  molecular basis of insulin 
resistance. 
Received for publication  6 December 1982. 
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